SUMMARY

1
Oxygen equilibrium curves have been widely used to understand oxygen transport in 2 numerous organisms. A major challenge has been to monitor oxygen binding characteristics 3 and concomitant pH changes as they occur in vivo, in limited sample volumes. Here we report 4 a technique allowing highly resolved and simultaneous monitoring of pH and blood pigment 5 saturation in minute blood volumes. We equipped a gas diffusion chamber with a broad range 6 fibre optic spectrophotometer and a micro-pH optode and recorded changes of pigment 7 oxygenation along PO 2 and pH gradients to test the setup. Oxygen binding parameters derived 8 from measurements in only 15 µl of haemolymph from the cephalopod Octopus vulgaris 9 showed low instrumental error (0.93%) and good agreement with published data. Broad range 10 spectra, each resolving 2048 data points, provided detailed insight into the complex 11 absorbance characteristics of diverse blood types. After consideration of photobleaching and 12 intrinsic fluorescence, pH optodes yielded accurate recordings and resolved a sigmoidal shift 13 of 0.03 pH units in response to changing PO 2 from 0-21 kPa. Highly resolved continuous 14 recordings along pH gradients conformed to stepwise measurements at low rates of pH 15 changes. In this study we showed that a diffusion chamber upgraded with a broad range 16 spectrophotometer and an optical pH sensor accurately characterizes oxygen binding with 17 minimal sample consumption and manipulation. We conclude that the modified diffusion 18 chamber is highly suitable for experimental biologists who demand high flexibility, detailed 19 insight into oxygen binding as well as experimental and biological accuracy combined in a 20 single set up. 21 Table S1 ). 30
Such analysis commonly involves the determination of oxygen affinity (P 50 ). Accurate 31 determination of P 50 requires to control or monitor extrinsic factors like temperature, carbon 32 dioxide (CO 2 ) and particularly pH. Assessing the effects of pH and the variation of pH during 33 transition from the oxygenated to the deoxygenated state, due to the oxygenation dependent 34 release or uptake of protons by the pigment (Haldane effect), requires knowledge of pH at 35 different levels of saturation for the analysis of oxygen equilibrium curves (OEC 
RESULTS AND DISCUSSION
66
Spectrophotometric measurements
67
Using the modified diffusion chamber, we successfully performed measurements on 68 haemolymph from Octopus vulgaris and Eulimnogammarus verrucosus and whole blood of 69 Pachycara brachycephalum at various oxygen and carbon dioxide partial pressures and 70 temperatures. The integrated broad range spectrophotometer resolved 2048 data points per 71 spectrum from 200 to 1100 nm and yielded characteristic absorbance spectra for haemolymph 72 containing haemocyanin with an oxygenation dependent peak at 347 nm (Octopus vulgaris, 73 Figure 1A ) and multiple responsive peaks at 540, 575, 412 and 335 nm for oxygenated and at 74 553, 427 and 366 nm for deoxygenated haemoglobin bearing blood (Pachycara 75 brachycephalum, Figure 1B ). In addition, to the haemocyanin peak at 336 nm, haemolymph 76 from Eulimnogammarus verrucosus showed absorbance features above 400 nm that explain 77 its green coloration ( Figure 1C Both pigment absorbance and haemolymph pH responded to changes of gas composition 104 within 30 seconds ( Figure 5 ). The recording of one oxygen equilibrium curve, including 105 calibration at 100% and 0% oxygen saturation, lasted on average 3.5 hours (± 0.23) for 106 measurements (n = 5) with eight discrete oxygenation steps and 5.2 hours (± 0.21) for 107 measurements (n = 4) with eight discrete pH steps. While the maximum absorbance signal at 108 347 nm (haemocyanin oxygenation peak) drifted by -3.5% (± 0.6%, n = 5) per hour, minimal 109 absorbance remained nearly constant (0.27% ± 0.21%, n = 5). The protein peak drifted less 110 and varied more among experiments (2.3% ± 2.7%, n = 5, Figure 5B Using Octopus vulgaris haemolymph we tested the setup via two previously employed 269 methodologies. OECs were obtained 1) by stepwise changes of discrete PO 2 (1, 2, 4, 9, 13, 270 17, 21 kPa) at constant PCO 2 (e.g. Wells and Weber, 1989) Germany). Eulimnogammarus verrucosus (Gerstfeld, 1858) was collected in Bolshie Koty, 307 Lake Baikal, Russia during summer 2012, transported to Irkutsk, Russia and kept in aerated 308 2.5 l tanks at 6°C. Haemolymph was withdrawn using a dorsally inserted capillary. All 309 haemolymph samples were centrifuged at 15.000 g for 15 min at 0°C to remove cell debris 310 and stored at -20°C. 311
MATERIAL AND METHODS
212
Experimental set up and modifications
213 A gas diffusion chamber (Eschweiler Co., Kiel, Germany) designed and described in detail 214 by (Niesel and Thews, 1961; Sick and Gersonde, 1969, 1972) has been used to determine 215 OECs by recording absorbance of a thin layer of a haemoglobin or haemocyanin bearing 216 solution during continuous or stepwise
Data analysis
312
The processing, time-matching and analysis of data from both the spectrophotometer and the 313 pH meter were performed using the "R" statistical language (R Core Team, 2013 7.1-7.7. In pH/saturation diagrams, P 50 denotes the log 10 of the oxygen isobar and the pH of 328 the isobar at half saturation (pH 50 , Pörtner, 1990 and fitted to a plastic holder, which is moved into the gas tight room centred in the diffusion 400 chamber. The bended syringe needle is inserted through a silicon ring, which prevents gas 401 leakage, and the sensor tip moved into the edge of the sample droplet located on a silica glass 402 plate. 403 
